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what is a galaxy cluster?

“A large knot of quasi-equilibrium
, self-

gravitating m
atter em

bedded within an
evolving filam

entary network (the
`cosm

ic web’) of growing density
perturbations.”

rough characteristics -
  N

gal ~ 10 or larger (fewer is a `galaxy group’ or lone galaxy)
  k

B T
X  ~ 1-15 keV

  R ~ 0.3-2 h
-1 M

pc
  M

 ~ 10
13 - 10

15.5 h
-1 M

sun

B. M
oore, http://www.nbody.net

see Sarazin, C. 1986, Rev M
odern Physics, 58, 1



hot intracluster m
edium

 (IC
M

)  

M
IC

M
 ~ 10 (h /0.65) -3/2 M

gal

dark m
atter 

M
tot  ~ 10 (h /0.65) 3/2 M

vis 
galaxies 

content hierarchy of clusters

W
hite et al 1993

estim
ates for Com

a:
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M
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±
0.2

¥10
13h

-1M
Q

†
 

M
ICM

=
5.5

±1.0
¥10

13h
-5/2M

Q

†
 

M
tot =1.10

±
0.18

¥10
15h

-1M
Q

m
ore precise m

easurem
ents needed, and for m

ore clusters
(to com

e from
 SDSS and XM

M
/Chandra)

Luppino & Kaiser 1997



Carlstrom
 et al 2001



Evrard & G
ioia 2002 





Evrard & G
ioia 2002

dark m
atter structure in a P3M

SPH sim
ulation 

3D infall is com
plex - boundary is not sharp…

r200  defined by critical density threshold 

r200  



virial theorem
 expectations

link between cluster m
ass and observables (gas T or galaxy velocities)
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for the m
ass within a critical density threshold one obtains



virial M
ass-Tem

p scaling from
 P3M

SPH sim
ulations

M
athiesen & Evrard `01 

~11 %
 scatter in

h(z)M
  at fixed kT

independent of
cosm

ology/epoch

slope 3/2



14 %
 scatter in M

ICM  at fixed T
X

slope 3/2

observed ICM
 m

ass-tem
perature relation for 45 local clusters

M
ohr, M

athiesen & Evrard 99



hierarchical clustering from
 a G

aussian random
 density field   

†
 

s
2(M
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d

3k W
(kM

1/3)P(k)
Ú

define fluctuation am
plitude on

m
ass scale M

 by filtering high-k
m

odes of power spectrum
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M
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for power-law P(k)~k
n

      s
 ~ M

-a  ;  a
 =

 (n+3)/6

m
ost CDM

 m
odels locally have 

        s
(M

) ~ 0.5 M
-1/4  ;  n

eff  ~ -1.5
(M

 in units of 10
15 h

-1 M
sun )

Peebles 1980; 1993;  Peacock 1999
Bardeen et al 1984, ApJ

Davis, Efstathiou, Frenk & W
hite 1985, ApJ



FO
F(0.2) and m

ean SO
(200) m

ass functions take `universal’ form
 in s(M

)

Jenkins etal 2001 

†
 

n(s
-1(M
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A

exp[-
|lns

-1(M
)+

B
|  e]



precise calibration of critical D=200 m
ass function <- rm

s deviations about 
      fit  at <~5%

 level

fit to functional form
 of

Jenkins etal 01 using
~1.4M

 clusters  at z=0

Evrard etal 2002, ApJ

independent agreem
ent

with Bode at al `01 and
Hu & Kratsov `02 at
~10%

 level



degenerate with
power spectrum
norm

alization
      b ~ s

8 5/3

observational data :  
  M

arkevitch `98
  W

hite `00
  Pierpaoli, Scott &  W

hite `01

b
t   = 1.10 +- 0.06

b
L   = 0.92 +- 0.06

fit to local `tem
perature function’

b
  =  s

DM  2 / (kT
X / mm

p )Evrard et al 02
b =1.15, im

plies  s
8 =1.04 for LCDM

Frenk et al 1999

independent determ
ination from

 
gas dynam

ic sim
ulations 



the absolute m
ass scale of clusters rem

ains uncertain

s
8  = 1.0 (W

m  =0.3)
0.58

Pierpaoli, Scott &
 W

hite 01

Jenkins M
F, H

V
 fit to local T

-ftn (L
)

0.48(s
8 /0.9) 5/2

s
8  = 0.7 (W

m  =0.35)
0.23

Seljak 02

s
8  = 0.9 (W

m  =0.3)
0.59

Ikebe et al 02

s
8  = 0.9 (W

m  =0.3)
0.66

H
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 gradients (larger sam
ple)
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Finoguenov, R

eiprich &
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N
evalainen, M

arkevitch &
 Form

an 00

from
 beta-m

odel fit to A
1795

0.47
M

ohr, M
athiesen &

 E
vrard 99

preheated IC
M

, spectral T
, 0.5-9.5 keV

0.65
B

ialek, E
vrard &

 M
ohr 01

spectral T
, 0.5-9.5 keV

 bandpass

spectral T
, 2-9.5 keV

 bandpass
0.87
0.83

M
athiesen &

 E
vrard 01

E
ulerian hydro

0.78
B

ryan &
 N

orm
an 98

L
agrangian hydro

0.52
E

vrard, M
etzler &

 N
avarro 96

C
om

m
ents

M
500  at 6 keV

(1e15 M
sun /h)

R
eference25%

 uncertainty in m
ass scale im

plies 10%
 uncertainty in s

8  



constraints on the cosm
ic neutrino m

ass fraction from
 cluster m

ass function

slope of power
spectrum

 on cluster
scales is sensitive to
neutrino m

ass fraction

fn =0

fn =0.13

base m
odel:

W
m =0.3

W
L =0.7

W
b =0.04

h=0.7
0.05



constraints on the cosm
ic neutrino m

ass fraction from
 cluster m

ass function

fn =0.13

shape of m
ass

function contains
inform

ation on
neutrino m

ass
fraction that is non-
degenerate with
shifts in the cluster
m

ass scale

0.13 + 20%
m

ass shift

fn =0



for galaxy clusters, problem
 is separable

 P (obs | cosm
)  ~  P (M

,z | cosm
)  P (obs | M

,z)
• space density                        n (M

, z | cosm
)   solved

• how do clusters `light up’ ?   P (obs | M
,z)       needs w

ork!

clusters as cosm
ological tools?  need astrophysics!

P (cosm
 | obs)  =   P

prior  (cosm
) P (obs | cosm

) / P (obs)

theoretical effort (& uncertainty) lies here 



m
ock SDSS analysis using LCDM

 Hubble Volum
e sky survey realizations

Aim
s:

• understand system
atic (astrophysical) uncertainty in estim

ates
of cosm

ological param
eters from

 SDSS clusters
• constrain m

odels of galaxy form
ation in cluster environm

ents

T. M
cKay, R. W

echsler, AE (M
ichigan)

J. Annis (FNAL)
C. M

iller, R. Nichol (CM
U)

Process:
• assign SDSS galaxies to DM

 particles in m
anner that reproduces

clustering length dependence on r-lum
inosity

dependence of color in (z-space) density
• run cluster finding algorithm

s + m
atch outputs to real-space input

†
 

P(M
200 |ngals)¤

P(ngals|M
200 )





m
axbcg 

finder 



C4 
finder 



How well will we do?

expect ~10,000 clusters with M
 >10

14M
sun  and z <0.3 in full SDSS, so

system
atics will dom

inate
if characterization P(M

 | n or L) results in 10%
 m

ass uncertainty, then
error in lns(M

) is ~.04.

fn =0

fn =0.13

0.05

independence check
from

 m
axbcg/C4

cluster finders



watch this space!


